The medicinal and food tree species Parkia biglobosa (Fabaceae: Mimosoideae) is widespread in the Sudanian savannahs of sub-Saharan Africa, where it has a strong socio-cultural and economic importance. Populations of this species are highly threatened in large parts of its range due to overexploitation and environmental degradation. In the light of climatic changes, safeguarding the genetic diversity of the species is crucial to foster adaptation and to support its long-term survival. Genetic insight is also relevant to guide sustainable harvesting. This paper has the objective to review information on the species' geographic distribution, reproductive biology, genetic characteristics and existing conservation practices, and to identify knowledge gaps to orientate future conservation and research focus. The literature review revealed that the species is mainly outcrossed and is pollinated by a diversity of vectors, including bats that allow long-pollen dispersal. When bats are absent, pollination is mainly carried out by honey bees and stingless bees and in such case pollen-mediated gene flow is relatively restricted. Data of a large-scale genetic study based on allozyme markers showing a moderate genetic differentiation among populations were reanalyzed using an inverse distance weighted interpolation function. Three distinctive regions of diversity based on allelic richness and expected heterozygosity were identified. Finally, we discuss future challenges for genetic conservation by emphasizing the need to use both neutral and adaptive markers in future research.
Introduction
Parkia biglobosa (Jacq.) G. Don is a highly valued multipurpose tree species native to African savannahs with a large distribution range extending from Senegal to Uganda (Hopkins, 1983; Hall et al., 1997) . Commonly called "Néré" or "African locust bean" it is one of the most important agroforestry tree species in West Africa (Eyog Matig et al., 2002; Nikiema, 2005) . It is known as a multiple purpose tree widely used for medicinal and food purposes (Ouedraogo, 1995; Hall et al., 1997) . Seeds, bark, roots and flowers of P. biglobosa are used to treat more than 80 diseases and ailments in West Africa (Ouedraogo, 1995; Nacoulma-Ouedraogo, 1996; Dedehou et al., 2016) . Fermented seeds, called "soumbala" or "dawadawa" are used as condiment, which is also well-known for its ability to decrease hypertension (Ognatan et al., 2011) . The sweet pulp of pods is a source of energy and nutrients (rich in glucids, proteins, carotenoids, vitamins A, B, C, and oligo-elements), and is important as nutritional and mineral supplement (Omojola et al., 2011; Dahouenon-Ahoussi et al., 2012; Ijarotimi and Keshinro, 2012) . The species is melliferous and widely valued in traditional beekeeping (Nombré et al., 2009; Schweitzer et al., 2014) . Due to the high demand of its products, P. biglobosa is subject to unsustainable exploitation, lack of regeneration and ageing , with some tree populations disappearing or declining in density (Ouedraogo, 1995) . Furthermore, improved tree management practices for P. biglobosa, such as direct sowing, protection of natural regeneration and planting, are currently not sufficiently promoted . The conservation and sustainable use of genetic resources are critical to maintain tree resource availability in the long run, especially in the face of significant environmental changes. A conservation strategy is based on complementary in situ and ex situ conservation, integrated in a way that relates to the state of tree resources, the objectives of the strategy, and the financial resources available. In situ conservation is primarily focused on conserving the species in its natural environment by preserving its adaptation potential over the long term (FAO et al., 2001) , while ex situ strategies are based on creating gene banks or field collections, transferring genetic resources off site, for the purpose of conservation or breeding (Dunster, 1996) . Although P. biglobosa is officially protected by national legislation in Burkina Faso and in other West African countries (Eyog Matig et al., 2002) and cutting is prohibited, genetic conservation efforts need to be strengthened. A sound conservation strategy for P. biglobosa and the promotion of its sustainable management should be based on scientific information about threats as well as ecological and genetic processes affecting this species. We felt the need to review and compile relevant scientific findings on this species, published after the monographic work by Hall et al. (1997) . In this paper we (i) review existing knowledge on the spatial distribution of the species, its reproductive biology, its genetic characterization and experiences in conservation of its genetic resources in Burkina Faso, with a particular focus on the activities implemented by the national tree seed centre (the "Centre National de Semences Forestières", hereafter CNSF) (Ouedraogo, 1995; Hall et al., 1997 , Teklehaimanot, 1997 Sina, 2006 , Ouedraogo, 2015 . We also (ii) present a new analysis of allozyme data published by Sina (2006) and (iii) identify main research gaps.
Natural range of P. biglobosa
The geographic distribution of P. biglobosa has been described in a range map by Hall et al. (1997) showing geographic boundaries overlapped with climatic zones (Figure 1 ). The natural range extends over 20 African countries north of the equator. The species is mainly found in African savannahs, particularly in the Sudanian vegetation zone, partially in the drier, more northern Sahelian zone and the wetter, more southern Guinean zone. The range covers different habitats usually on deep loamy and sandy soils (Arbonnier, 2004) with annual rainfall varying between 700 mm in the North to 2,600 mm in the South and exceptional levels up to 4,500 mm in Sierra-Leone and Guinea (Hall et al., 1997) . Tree population density of P. biglobosa varies considerably. In the Central African Republic, densities of up to 40 trees per hectare have been reported (Depommier and Fernandes, 1985) , while in Burkina Faso, located in the centre of species' range, density varies between less than one tree per hectare in the sub-Sahelian zone to up to 25 trees per hectare in the southern part of the Sudanian zone (Ouedraogo, 1995) . Due to the expansion of agriculture and pasture land, urbanization, mining, and also the vulnerability of the species to global environmental changes (Bouda et al., 2013) , significant changes in the distribution range of P. biglobosa may have taken place during the last 20 years, since occurrence data were assembled for the first time (Hall et al., 1997) .
Floral biology and mating system
P. biglobosa is a monoecious species. The inflorescence, well described by Hopkins (1983) , Ouedraogo (1995) and Lassen et al. (2012) , has bright red flowers, forming a capitulum in a large apical ball and a basal constricted receptacle. Different types of flowers are found in the hermaphroditic capitulum. Hopkins (1983) estimated that a capitulum has approximately 2,200 fertile female flowers in the ball-shaped part, 80 staminoid (male) flowers located close to the peduncle and 260 infertile nectar flowers in the ring producing nectar. Despite the coexistence of such a high number of fertile flowers in a single inflorescence, only up to 25 pods are found on an infructescence (Ouedraogo, 1995) . Within the crown of a single tree, the capitula tend to show different stages of flower development. Hopkins (1983) and Ouedraogo (1995) reported that flowers of the same capitulum will only be fertile during a single night. Protandry, i.e. early flowering of male and late flowering of female reproductive organs, is found as a mechanism to reduce or even totally avoid selfing (Ouedraogo, 1995) . Controlled pollination studies have shown that forced self-pollination results in healthy seeds, however, a certain proportion of seeds per pod were aborted. Hence, self-fertilization is possible, probably through geitonogamy (Lassen et al., 2012) . Based on controlled crossing experiments, Ouedraogo (1995) estimated a selfing rate of 5 %. A very similar level of selfing was later confirmed by Sina (2006) . In fact, he studied the mating system in two populations at Bissighin (W1.61°; N12.30°) and Nagare (W1.53°; N12.30°) in Burkina Faso, examining 153 and 209 mature trees, respectively. In both populations, in two consecutive years, flowering was well synchronized and the average multilocus estimates resulted in high outcrossing rates of 0.941 and 0.981, respectively. Biparental inbreeding inferred from the difference between single-locus and multilocus estimates of selfing was 0 at Nagare and 0.026 and 0.086 at Bissighin in two consecutive years showing that less than 9 % of matings involved close relatives. High paternity correlations indicated that Figure 1 Geographic distribution of Parkia biglobosa in relation to annual rainfall (adapted from Hall et al. 1997) mother trees received pollen from only few pollen donors (Lassen et al., 2014) . Pollen is released in polyads, i.e. packages of 16 or 32 pollen grains (Baker and Harris, 1957) . Polyads probably confer a selective advantage as they provide an efficient way for animal-mediated pollen transport (Kenrick and Knox, 1982) , and honey bees are very efficient carriers of polyads compared to other insects pollinating P. biglobosa (Lassen et al., 2012) . A single pod may contain up to 24 seeds (Ouedraogo, 1995) , but commonly the number is lower; 16.5±5.2 seeds per pod were reported by Lassen et al. (2014) . Due to the large polyads and the small size of the stigma, Hopkins (1984) hypothesized that one or two pollen grains sire all ovules of a single pod. Indeed, Lassen et al. (2014) provided evidence that one pollen donor sires all the ovules in a single pod. Hence, each pod contains a full-sib-family. This needs to be taken into account, whenever genetic resources are sampled. This should be also considered by keeping records of pods and mother trees when quantitative genetic parameters are estimated in field trials. In the southern parts of the species' distribution the onset of flowering starts in November/December, while in the northern parts the flowering peaks in March. Along an eastwest gradient, flowering and fruiting start earlier in the west and lag two weeks behind in the east (Ouedraogo, 1995) .
Pollinators
P. biglobosa's seed set is related to pollinator richness and abundance (Lassen, 2016) . About thirty potential pollinating species were recorded to visit P. biglobosa flowers (Table 1) . However, the genus Parkia has been described as chiropterophilous (Baker and Harris, 1957; Ouedraogo, 1995; Lassen et al., 2012) , because the structure of the inflorescence is well adapted to pollination by bats. The main pollinating species are megabats belonging to the family Pteropodidae: Eidolon helvum, Epomophorus gambianus, Micropteropus pusillus and Nanonycheris veldkampi. Pettersson and Knudsen (2001) reported that the floral scent and the nectar production are high in the earlier part of nocturnal anthesis and decrease during the visitation of megabats. Megabats normally land singly or in groups, at dusk or dawn, in the upper part of the crown, and visit the capitula for only few seconds or minutes. For instance, Hopkins (1983) observed Micropteropus pusillus singly landing on capitula only after dark, for no more than two seconds before flying off to visit other capitula of the same or another tree. This behaviour probably promotes cross-pollination.
In addition to bats, insects are important pollinators of P. biglobosa, particularly honey bees and stingless bees (Table 1) . In areas where bats are rare or even absent, for instance in the northern part of Burkina Faso, honey bees are the most important pollinators (Ouedraogo, 1995 , Lassen, 2016 . Controlled pollination experiments carried out in the Gambia (Lassen et al., 2012) , indicated that honey bees, such as Apis mellifera adansonii, were the most important pollinating insects; however, even small, few millimeters long stingless bees (Hypotrigona spp.) contributed successfully to pollination. Other insects, such as pollen and nectar-lapping visitors, are also attracted by the colour and scent of the flowers. Some occasional visitors are acting more like pollen and nectar thieves; ants, wasps and beetles seem to be inefficient pollinators (Ouedraogo, 1995; Lassen et al., 2012) , and their role in P. biglobosa pollination is probably limited. Birds, particularly sunbirds from the Nectariniidae, Pycnonotidae and Zosteropidae families, have been recorded visiting capitula (Ouedraogo, 1995) . Both birds and insects were found visiting inflorescences only at the beginning and at the end of the anthesis and therefore their contribution to pollination is likely negligible.
Pollen and seed dispersal distances
Long-distance pollen dispersal ensures genetic connectivity even in fragmented and low-density populations of tree species (Kamm et al., 2009 ). The dispersal distance of pollen might differ among pollinator species. Pollinators like megabats probably disseminate pollen over long distances. The straw-coloured fruit bat (Eidolon helvum), an important pollinator for P. biglobosa, is able to fly locally up to 10-20 km day-1, while some migrants typically travel 90 km day-1. Bee-mediated gene flow is a priori more limited than bats in terms of distance. The daily mean total foraging distance for the African honey bee species Apis mellifera scutellata, was found to be 1,073±52 m (Schneider and Hall, 1997) . A pollination experiment carried out by Lassen (2016) in two sites in Burkina Faso showed mean pollination distances varying from 283 m when flowers were accessible to all pollinators, to 183 m when bats were excluded and to 173 m when bats, honey bees and other large insects were excluded. Thus, bats seem to be effective long-distance pollinators, while honey bees are probably mainly mediating short-distance gene flow via pollen.
The sweet pulp of P. biglobosa pods contributes to the diet of animals and represents an important complement to the diet of farmers, especially but not exclusively during food shortage periods. Seeds are mainly disseminated by primates, rodents and birds. Pods are a favourite food of chimpanzees (Pan troglodytes) and baboons (Papio anubis) in West Africa (Ouedraogo, 1995; Lassen et al., 2012) . Different species of rodents (e.g. squirrels and rabbits) have been recorded eating seeds, while birds such as parrots (Poicephalus senegalus) have been found to feed on pods (Ouedraogo, 1995) and may contribute to dissemination also through their faeces. In the agroforestry parklands of West Africa humans are likely to be agents of seed dissemination. Pods ripen at the beginning of the rainy season when some agricultural products, especially cereals, are not available. Pods and seeds are traded over large distances and may fall on the ground during transportation. In the recent past, large stands have been reported along the Abidjan-Niger railway, probably established as a result of seed dissemination by workers and train passengers (Ouedraogo, 1995; Sina, 2006) .
The indirect estimate of gene flow based on the genetic population differentiation of 64 populations, distributed across P. biglobosa's range, was only 1.61 migrants per generation (Nm) (Sina, 2006) , lower than the average Nm value of 2.28 recorded for other animal-pollinated woody species (Hamrick et al., 1992) and considerably lower than estimates obtained for Vitellaria paradoxa (Nm=5.07; Sanou et al., 2005) , often found in sympatry with P. biglobosa. However, the indirect estimates of gene flow based on F ST should be interpreted with caution as the method is based on assumptions which not always are fulfilled in real populations (Whitlock and McCauley, 1999) .
Quantitative genetic variation
The effects of drought stress on growth and survival of seven provenances of P. biglobosa seedlings originating from Burkina Faso and Mali were studied in a nursery experiment (Bouda et al., 2013) . Although significant interactions between different water regimes and provenances were found, it was not possible, based on growth traits including fresh and dry weight or shoot-to-root dry weight ratios, to clearly separate provenances according to their geographic origin or to climatic parameters. A substantial genetic differentiation in growth traits and survival rate, based on the coefficient of variation among 25 provenances (13-yr old) from West and Central Africa was reported (Ouedraogo et al., 2012) . Relationships between some geographical parameters (longitude, latitude) and traits (height, basal area and survival) were significant. Reaction norms indicated that the highest survival can be expected from local plant material, while vegetative growth may be A re-analysis of allozyme data, originally collected by Sina (2006) , was carried out in order to visualise the geographic patterns of allelic richness (A) and expected heterozygosity (H E ) of the 64 populations of P. biglobosa. The inverse distance weighted (IDW) interpolation function (Pollegioni et al., 2014) was implemented in ArcGIS 10.1 (ESRI, Redlands, CA, USA) and applied to the allozyme dataset. As described by Murphy et al. (2008) , a continuous surface map was created using a linearly weighted combination of all the 64 sample points. The interpolation was limited to the area of a convex hull polygon that encloses the sample points. This approach ensures that each input point has a local influence that diminishes with distance in order to minimize the effect of irregular sampling. The results obtained shows three distinguishable regions of diversity based both on allelic richness (Figure 2 ) and expected heterozygosity (Figure 3) . A high allozyme diversity was found in the centre of West Africa (Benin, Burkina Faso, Ghana, Ivory Coast, Mali and Togo), while lower allozyme diversity was located in marginal parts of the range in West Africa (Senegal, Guinea) and Central Africa (Cameroon), including populations from Niger and Nigeria. Higher genetic allozyme diversity was also estimated for specific populations in Guinea, Nigeria and Senegal (Figures 2 and 3) . However, these patterns are not detailed enough to develop conservation strategies, calling for further characterization of species' genetic diversity distribution.
Experience of CNSF in genetic conservation
Approaches based on both in situ and ex situ conservation were implemented by CNSF in order to conserve the genetic resources of P. biglobosa. To guide seed transfer, six seed zones ( Figure 4) were delineated in Burkina Faso for all tree species taking into consideration ecological, climatic and administrative information.
Regarding in situ conservation, 48 stands of P. biglobosa were identified, phenotypically characterized and are managed in their natural habitat to be used as seed sources ( Figure  4) . They are identified only in three seed zones due to absence or low density of stands in northern areas. The monitoring and management of seed stands involve local communities to ensure that individual trees forming these stands are conserved and managed sustainably. Each seed stand includes between 30 and 50 reproductive trees and covers an area between ca. 10 ha to 50 ha; large seed stands of more than 100 ha were also identified mainly in two seed zones (South Sudanian and Comoe). Certain seed sources are efficiently safeguarded due to their location within protected areas (Figure 4) , although the species is officially protected across the whole country.
With regard to ex situ conservation efforts, a range-wide collection of seeds of P. biglobosa was established through two successive collection campaigns undertaken in 1989 (Ouedraogo, 1995 ) and 1993 (Teklehaimanot, 1997 by CNSF and partners. These two collections involved seed sources from ten countries in West Africa (Benin, Burkina Faso, Ghana, Guinea, Ivory Coast, Mali, Niger, Nigeria, Senegal and Togo) and two countries in Central Africa (Cameroon, Chad). Seed lots were slightly improved by shifting provenances to the east for up to 5° of longitude. Previous assessments of the same provenance trials by Oni (2004) on five-year old trees also indicated that eastern provenances grew generally better than the central and western provenances. Leaf morphology was found to vary largely and a significant correlation was recorded between the length of leaflets and longitude (r=0.92) (Ouedraogo, 2015) . Thus, from west to east, the size of leaflets increases in P. biglobosa populations from Senegal to Nigeria and Cameroon. Moreover, leaves of western populations were characterized by a finer structure, showing smaller and more leaflets than the eastern ones. The east-west cline in leaf traits in P. biglobosa supports similar findings reported by Hopkins (1983) based on 85 herbarium specimens. Clinal variation patterns were also observed by Millogo (2014) in seed morphological traits (length, width, thickness, weight) in a sample of 246 seed trees from 18 provenances, from across four countries (Benin, Cameroon, Guinea and Ivory Coast) in the humid climate zone. He found a longitudinal variation of length, thickness and width of seed traits. From western to eastern provenances, seeds become flatter, larger, longer, and heavier, forming two distinct groups (West African and Central African provenances).
Quantitative variation of P. biglobosa populations indicates a potential for domestication, through selection and breeding, with possible positive effects on rural livelihoods (Teklehaimanot, 2004) . Unfortunately knowledge on heritability of key traits in P. biglobosa is very limited, as only broad-sense heritabilities (H 2 ) for different growth traits in Nigerian seedlings (H 2 plant height = 0.54; H 2 fresh root weight = 0.13) were analysed (Adesoye et al., 2013) . However, these estimates should be considered with caution, as methods were not clearly described.
Marker-based genetic diversity and new analysis of allozyme data
There are very few marker-based studies at hand assessing genetic diversity of P. biglobosa. A study using Random Amplified Polymorphic DNA (RAPD) markers revealed a weak genetic diversity (H E =0.05-0.18) in 23 open-pollinated families of P. biglobosa in Nigeria (Amusa et al., 2014) . However, due to the small scale of the sampling, meaningful conclusions for the whole species cannot be drawn. A large-scale study using eight allozyme loci was conducted by Sina (2006) examining open-pollinated seeds from 64 populations across 11 Western and Central African countries. Observed heterozygosity (H O ) and expected heterozygosity (H E ) were 0.26 and 0.34, respectively. In some populations, moderate excess of homozygotes compared to Hardy-Weinberg expectations was observed. As embryos were used for this genetic inventory, this excess is probably due to selfing and will disappear during later ontogenetic stages as it is typically found in tree species with mixedmating systems (Rink et al., 1989) . With regard to the genetic differentiation index (F ST ), a small to moderate estimate of 0.13 was obtained (Sina, 2006) compared to tropical tree species (e.g., F ST =0.177; Dick et al., 2008) . collected and stored separately by maternal tree at the CNSF seed bank. In addition, ex situ activities were carried out focusing on the establishment of field trials at Gonse (W1.33°; N12.42°) and Dinderesso (W4.58°; N11.30°) in Burkina Faso. The experiments included plantations, provenance and progeny trials. A high mortality rate was recorded even for local provenances, showing potential limitations in using the species for plantation. Furthermore, an assessment of these provenance trials 13 years after their establishment showed mean survival rates of 35 % and 61 % at Gonse and Dinderesso, respectively (Ouedraogo et al., 2012) . Two local provenances had lower survival rates (29 % and 57 %, respectively) compared to the mean performance of all provenances in the two trials (Ouedraogo et al., 2012) .
Optimal seed harvesting procedures were developed. Seed viability, seed behaviour, seed storage conditions were tested, and physiological studies on seedling's growth were carried out. Results showed that seeds of P. biglobosa tolerate desiccation at a low moisture content (5 %) and maintain their high viability after storage in freezing temperatures; therefore they can be considered as orthodox seeds (Hong and Ellis 1996) . Fresh seeds reach easily a germination rate of 95 % after pre-treatment with concentrated sulphuric acid (97 %), which breaks seed dormancy. However, after prolonged storage, seeds show declining germination, generally caused by a progressive absorption of moisture. A recent evaluation of seeds stored for 20 years showed a significant loss of germination rate, declined to just 15 % from the initial values recorded for freshly collected seeds (Millogo, 2014) . Exceptionally, Sina (2006) reported for one accession a sustained germination rate of 95 % after 11 years of storage at 4°C and 5 % of moisture content. Vegetative propagation using mature tissues is difficult (Teklehaimanot, 2004 , Raebild et al., 2011 . Consequently, direct sowing is the most practical technique used to rejuvenate and to improve traditional agroforestry systems. Breeding trials of 10-year old seedlings of P. biglobosa showed that the species has a faster growth than other agroforestry species, such as Acacia albida (syn. Faidherbia albida) and Ziziphus mauritiana (Lompo, 1999) . The average collar diameter and total height of 10-year old individuals of P. biglobosa were estimated at 11.72 cm and 4.54 m respectively (Lompo, 1999) . The relatively rapid growth and easy propagation by seeds offer opportunities to promote the conservation and sustainable use of the species.
Research gaps for genetic conservation
While the floral biology and mating system are well documented, research addressing gene flow would enable to improve understanding of fragmentation effects and management practices. Global environmental change, habitat loss and wide use of pesticides are main causes of pollinator decline. In fact, species richness and abundance of some pollinators in West Africa, such as bats, have been observed to be decreasing due to lack of suitable habitats and declining food resources (Fahr, 2008; Kangoyé et al., 2015) . Therefore, further population genetic studies, especially designed to assess the species Generally, quantitative genetic research is very limited in this species. Sound knowledge on additive genetic variation is not available, response functions of populations are missing but would be extremely helpful in managing genetic resources in view of environmental changes. Both among-population variation based on quantitative data (Q ST ) and effective population sizes are unknown.
Although P. biglobosa seeds are orthodox, they lose their capacity to germinate after 20 years (Millogo, 2014) . Cryopreservation of seeds may be a solution (Ahuja, 1986) . Vegetative propagation techniques such as cutting, layering and grafting need to be optimized in order to develop clone banks of selected desirable traits.
At regional or country level, a development of seed zones and seed transfer guidelines, using approaches that combine molecular information and multivariate regression trees (Hamman et al., 2011) , would effectively contribute to reforestation success in the face of climate change. In addition to ecological and genetic knowledge, we recommend also the inclusion and analysis of social and cultural aspects, such as indigenous knowledge and preferences, in the shaping of future breeding efforts. Considering the wide range of P. biglobosa, the development of a multi-country strategy for the conservation and sustainable use of its genetic resources, would need to be coordinated through effective international collaboration.
